Abstract: Allium L. (Alliaceae), a genus of major economic importance, exhibits a great diversity in various morphological characters and particularly in life form, with bulbs and rhizomes. Allium species show variation in several cytogenetic characters such as basic chromosome number, ploidy level, and genome size. The purpose of the present investigation was to study the evolution of nuclear DNA amount, GC content, and life form. A phylogenetic approach was used on a sample of 30 Allium species, including major vegetable crops and their wild allies, belonging to the 3 major subgenera Allium, Amerallium, and Rhizirideum and 14 sections. A phylogeny was constructed using internal transcribed spacer (ITS) sequences of 43 accessions representing 30 species, and the nuclear DNA amount and the GC content of 24 Allium species were investigated by flow cytometry. For the first time, the nuclear DNA content of Allium cyaneum and Allium vavilovii was measured, and the GC content of 16 species was measured. We addressed the following questions: (i) Is the variation in nuclear DNA amount and GC content linked to the evolutionary history of these edible Allium species and their wild relatives? (ii) How did life form (rhizome or bulb) evolve in edible Allium? Our results revealed significant interspecific variation in the nuclear DNA amount as well as in the GC content. No correlation was found between the GC content and the nuclear DNA amount. The reconstruction of nuclear DNA amount on the phylogeny showed a tendency towards a decrease in genome size within the genus. The reconstruction of life form history showed that rhizomes evolved in the subgenus Rhizirideum from an ancestral bulbous life form and were subsequently lost at least twice independently in this subgenus.
Introduction
The genus Allium L. (Alliaceae) exhibits a great diversity in various morphological characters, particularly in life form (bulb or rhizome) and ecological habitat. It is of major economic importance as vegetable crops, herbal crops, and ornamental plants. This genus consists mostly of perennial and bulbous plants (Stearn 1992) ; and it is widely distributed over Holarctic regions from the dry subtropics to the boreal zone. Allium schoenoprasum even occurs in the subarctic belt. The major centre of species diversity is a region stretching from the Mediterranean basin to Pakistan and central Asia. The next most important centre is located in western North America.
A multidisciplinary approach, including morphological, anatomical, and karyological investigations; studies of life cycles, distribution, and ecology; and systematic studies using biochemical and molecular markers, led to an infrageneric classification recognizing 6 subgenera (Allium, Amerallium, Bromatorrhiza, Caloscordum, Melanocrommyum, and Rhizirideum) and 43 sections (Hanelt et al. 1992; Hanelt and Fritsch 1994; Khassanov and Fritsch 1994 ; for review see Klaas 1998) .
The phylogenetic relationships within Allium have been investigated by several authors using various molecular markers such as RAPDs, RFLPs, and amplified fragment length polymorphisms (AFLPs) (see for review Klaas 1998; Fritsch and Friesen 2002; Klaas and Friesen 2002) ; sequences from the nuclear ribosomal ITS (nrITS) region in Allium subg. Melanocrommyum (Mes et al. 1999) ; or sequences from the chloroplast trnD(GUC)-trnT(GGU) region in 14 Himalayan species of Allium (Friesen et al. 2000) .
Comparison of the molecular phylogenies with the classification led Fritsch and Friesen (2002) to propose a phylogenetic classification of the genus, recognizing 67 sections and 14 subgenera.
The genus Allium displays a high diversity in ploidy level, varying from 2x to 16x (De Sarker et al. 1997; Klaas 1998; Bennett et al. 2000) . Basic chromosome numbers of x = 7, 8, and 9 have been reported. In a study of 25 Allium species, Jones and Rees (1968) found considerable differences among 2C-values measured by Feulgen densitometry. Ohri et al. (1998) confirmed this in a survey of 86 Allium species (representing all 6 subgenera), measured in 4C nuclei by Feulgen densitometry. The same conclusions were drawn from the study of genome size in 28 Allium species (Baranyi and Greilhuber 1999) .
Base composition, expressed for instance as GC content, varies considerably across angiosperms, but is generally quite stable within a genus. However, variation at the generic level occurs in Allium (Kirk et al. 1970; Ricroch and Brown 1997) . In animals, there is a tendency of larger genomes to have a higher GC frequency (Vinogradov 1998) . The positive correlation between GC frequency and genome size may be explained by the greater physical and chemical stability in large genomes containing a relatively high GC frequency (Vinogradov 1998) . A similar relation seems to exist in higher plants (Vinogradov 1994) . Thus, Barow and Meister (2001) showed no correlation in higher plants (54 species including 3 Allium species) as the fluorescence of basespecific dyes is influenced by the nonrandom distribution of bases in the DNA molecule. No correlation could be found between nuclear DNA amount and GC content among the 20 Allium species analysed by Kirk et al. (1970) . In this present study, we checked any correlation among 16 other Allium species. The variation in cytogenetic characters such as nuclear DNA amount and chromosome numbers, when compared with the classification of the genus Allium, does not reveal clear discontinuities between the taxonomic groups (Ohri et al. 1998) ; but the variation mirrors the great diversity observed in morphology, life form, ecology, and breeding systems (Hanelt et al. 1992) . However, the biological significance of this variation is little understood.
Until now, no study reported on the evolution of characters such as the nuclear composition and life form among edible Allium. The purpose of the present investigation was to use a phylogenetic approach for studying the evolution of characters such as nuclear DNA amount, GC content, and life form (bulb or rhizome), and to examine possible correlations among these characters in crop species of Allium. Our sampling focuses on major vegetable crops of economic importance and their wild allies, such as the bulb onion (Allium cepa L.), chive (A. schoenoprasum L.), Japanese bunching onion (Allium fistulosum L.), leek (Allium ampeloprasum L. syn. A. porrum G. Don), and nodding onion (Allium cernuum Roth). The species studied here represent the 3 major subgenera Allium, Amerallium, and Rhizirideum and 14 sections. We also included species belonging to different sections of these subgenera to obtain a panel covering diploid and tetraploid species with a different basic number of chromosomes (x = 7, x = 8, and x = 9) when they are available in germplasms. The sampling was not meant to represent the whole genus Allium, but rather the sampling was meant to allow the studying of the evolution of characters previously mentioned in crop species, replacing them in a phylogenetic context. A phylogeny including 43 accessions representing 30 species was constructed using internal transcribed spacer (ITS) sequences. We addressed the following questions: (i) Is the variation in nuclear DNA amount and GC content linked to the evolutionary history of these Allium species? (ii) How did life form (rhizome or bulb) evolve in edible Allium? Nuclear DNA amounts (C-values) and genome size are important biodiversity characters of fundamental significance, which have many uses (Bennett et al. 2000) .
Material and methods

Plant material
The total number of species examined in this study was 30. The material of 24 species was obtained from Allium collections maintained in Gatersleben (Institut für Pflanzengenetik und Kulturpflanzenforschung (IPK), Germany), Wageningen (Centre for Genetic Resources, the Netherlands (CGN)), and Wellesbourne (Horticulture Research International (HRI), UK), and the information about the other 6 species was obtained from the literature. The sampling included representatives of the major vegetable crops and their wild relatives. Three subgenera and 14 sections of the classification (Hanelt et al. 1992) Sixteen species were represented by 1 population. Six species (Allium altaicum, A. ampeloprasum, A. fistulosum, Allium galanthum, Allium heldreichii, and Allium senescens) were represented by several populations from different geographic locations, and each species was maintained in distinct germplasms. Each population was represented by 10 individuals grown from a set of seeds in a frost-free greenhouse at Université Paris-Sud (France).
DNA extraction and amplification
DNA was extracted from fresh plant material taken from plants grown in a greenhouse at Université Paris-Sud (Table 1), using the Plant DNeasy extraction kit (Qiagen, Valencia, California) following the manufacturer's instructions. The ITS sequences of 17 accessions representing 13 Allium species and 3 outgroups were taken from GenBank. The outgroups (Tulbaghia and Nothoscordum) were chosen following Friesen et al. (2000) .
DNA amplifications were performed using the universal primers ITS-1 (5′-GGAAGTAGAAGTCGTAACAAG-3′) and ITS-2 (5′-TCCTCCGCTTATTGATATGC-3′). Amplifications were carried out with 2 µL DNA, 0.3 µmol dNTP/L, 240 µmol of each primer/L, 2 mMol of MgCl 2 /L, and 1U of Taq DNA polymerase (Promega, Madison, Wisconsin) in 50 µL reaction volume. We used a PTC-100 thermal cycler (MJ-Researcher, Inc., Boston, Massachusetts) programmed as follows: 3 min at 94°C; a cycle of 40 s at 94°C, 45 s at 50°C, and 90 s at 72°C repeated 35 times; and a final step of 5 min at 72°C.
Concentration and quality of the PCR products were checked on 1.5% agarose gels. PCR products (150 ng) were purified with a polyethylene glycol (PEG) precipitation (26.2% PEG 8000, 6.6 mMol MgCl 2 /L, 0.6 mol NaOAc/L) following the method described by Rosenthal et al. (1993) and sequenced on both strands using the same primers as for PCR amplification. Sequencing products were run on an ABI capillary sequencer (GMI, Inc., Minnesota, USA) Sequences were deposited in the GenBank database.
Phylogenetic analysis
ITS sequences were aligned using Clustal X (Thompson et al. 1997 ) with final corrections made manually. The 5.8S coding region was included in the alignment.
Phylogenetic analyses were performed with the computer program PAUP* 4.0b10a (Swofford 2002) . Indel regions were scored as additional characters using GapCoder (Young and Healy 2003) . Maximum parsimony (MP) analysis was performed using the heuristic search algorithm, with TBR branch swapping, and 100 replicates of random addition taxa. Bootstrapping (1000 replicates) was completed with TBR branch swapping and 10 replicates of random addition taxa. A distance analysis was conducted with the neighborjoining method, using GTR pairwise distances. The evolution of nuclear DNA content and life form (bulb with or without rhizome) was reconstructed using Mesquite software (Maddison and Maddison 2003) . Although rhizomes in Allium can take diverse shapes and growth forms, to simplify we have chosen to consider the rhizome as a single character state.
Nuclear DNA amount, GC content, and chromosome number determinations
Fresh leaves were collected from plants grown in a greenhouse at Université Paris-Sud. Nuclei were isolated according to Galbraith et al. (1983) . Nuclei of A. fistulosum (23.3 pg DNA per 2C; GC = 39.8%; Ricroch and Brown 1997) were added to the sample as an internal reference by including a smaller piece of leaf before chopping. The concentrations of ethidium bromide (50 µg/mL, Sigma) and mithramycin A (50 µg/mL, Serva) for assessing nuclear DNA amount and GC content, respectively, have been determined previously (Ricroch and Brown 1997) . Flow cytometry analysis of 2000-5000 nuclei was performed on an Epics V cytometer (Beckman-Coulter, Roissy, France) fitted with Spectra-Physics lasers using the following excitation and emission configurations: for ethidium bromide (514 nm; emission >590 nm) and for mithramycin A (458 nm; emission >550-590 nm). The intensities of fluorescence emitted by the nuclei were recorded and analysed on a Coulter MDADS graphics display computer. For the 24 Allium species, 3 replicate plants were analysed 4 times, so that each estimate is based on 12 measurements. No statistically significant differences were found between replicates. The 2C DNA value was divided by the ploidy index to obtain the genome size (1C DNA). The DNA amount was converted into genome size expressed in megabase pairs (Mbp) of nucleotides according to Bennett et al. (2000) , namely 1 pg = 980 Mbp.
Chromosome counts of the studied species were established according to the procedure previously described by Barthes and Ricroch (2001) .
Results
Phylogenetic analysis
Within Allium, lengths of the ITS sequences ranged from 450 bp in Allium lineare to 488 bp in Allium triquetrum. Tulbaghia fragrans, Nothoscordum bivalve, and Nothoscordum gracile have ITS regions of 476, 499, and 498 bp, respectively. The resulting alignment totaled 751 positions including the 5.8S gene (183 positions), with 446 parsimony informative sites.
The mean sequence divergence between pairs of Allium species ranged from 0.003 (Allium saxatile versus Allium schoenoprasum) to 0.3327 (Allium ursinum versus Allium flavum).
Heuristic searches generated 149 most-parsimonious trees of 1585 steps, with CI = 0.587, RC = 0.466, and RI = 0.794. The strict consensus of 149 trees was relatively well resolved, and several nodes were supported by high bootstrap values (Fig. 1) . The neighbor-joining tree (Fig. 2) was congruent with the most-parsimonious tree for most nodes. Differences appeared relative to the positions of A. altaicum, A. fistulosum, and A. galanthum as well as the position of Allium hymenorrhizum. However, none of the nodes involving these species was supported by the bootstrap analysis in MP. A. cepa var. aggregatum A. fistulosum L. A. ledebourianum All species from the subgenus Amerallium form a strongly supported clade, which is a sister group to the rest of the genus. The subgenus Allium appears nonmonophyletic, owing to the position of A. flavum (section Codonoprasum, subgenus Allium), accession HRI 1275, nested within the subgenus Rhizirideum.
Rhizirideum
Nuclear DNA amount and GC content
The nuclear DNA amount (2C DNA) was measured for 31 accessions representing 30 species (Table 1) and compared with the data obtained from the Angiosperms C-values database (http://www.rbgkew.org.uk) for 29 of the 30 species. For the first time, the nuclear DNA amount of Allium cyaneum and Allium vavilovii was measured. Data were taken from the Angiosperms C-values database for the following species: Allium leucocephalum, A. lineare, Allium moly, Allium ochroleucum, Allium paradoxum, A. triquetrum, and A. ursinum. Overall, genome size (1C DNA) values varied from 7 pg (Allium altyncolicum, 2n = 4x = 32) to 31.5 pg (A. ursinum, 2n = 2x = 14) showing 3.3-fold variation and a coefficient of variation of 27.4%. The analysis revealed a significant variation among species in the genome size (1C) as indicated by the ANOVA (P < 0.001***, Table 2). The GC content, evaluated in 24 accessions representing 23 Allium species (Table 1) , displayed values ranging from 38.5% (A. ampeloprasum, 2n = 2x = 16) to 41.2% (A. cernuum, 2n = 2x = 14), with a median value of 39.9% (SD = 0.66%). The shift of 2.7 percentiles corresponded to a coefficient of variation of 1.68%, and the ANOVA revealed that the differences in GC content among species were significant (P < 0.05*, Table 2 ). Among the 23 Allium species examined, the GC content of 16 accessions representing 15 species was measured for the first time (Table 1). Our cytometric values for GC content of the other 8 species are in accordance with those previously obtained (Kirk et al. 1970; Ricroch and Brown 1997 for A. cepa and A. fistulosum) .
Character evolution
The evolution of genome size and life form (Fig. 2 ) and GC content (not shown) was reconstructed with Mesquite (Maddison and Maddison 2003) using the phylogeny based on ITS sequences. The neighbor-joining tree was preferred for reconstructing character evolution, because its topology was fully resolved and in agreement with previously published molecular phylogenies (Mes et al. 1999 ). The tree presented in Fig. 2 does not include the outgroups, since values for the characters examined were not always available for the outgroups. The rooting was completed by comparison with the MP analysis presented in Fig. 1 . A comparative analysis conducted using Mesquite (Maddison and Maddison 2003) revealed the existence of a correlation between genome size and ploidy level (Fig. 2 , P = 0.031): tetraploidy is correlated with a small genome size.
No clear evolutionary pattern was found for the GC content of 24 accessions representing the 23 species examined in this study, and no correlation was found between nuclear DNA amount and GC content, as previously found in 20 species by Kirk et al. (1970) whose 10 species were also examined in this study. 
Discussion
Phylogeny and systematics of Allium Although based on a limited data set of ITS sequences, the phylogeny presented here is in overall agreement with previous phylogenetic analyses of the genus Allium, including some species examined in our study (Mes et al. 1999; Friesen et al. 1999 , Friesen et al. 2000 Fritsch and Friesen 2002) . The subgenus Amerallium, characterized by variation in basic chromosome number (x = 7, 8, or 9), is a sister group to the rest of the genus as found previously with various molecular data (review in in Klaas and . Phylogenetic relationships among species representing subgenera Allium and Rhizirideum are similar to the results obtained by Klaas and Friesen (2002) using chloroplast data. There is a problem concerning the position of A. flavum in our tree. Allium flavum is classified in the subgenus Allium (section Codonoprasum) and is described as having a true bulb. However, the plants grown from the seeds provided as accession HRI 1275 produced a visible rhizome, indicating misdetermination of the accession in the germplasm. The phylogenetic position of accession HRI 1275 observed in Fig. 1 suggests that this accession belongs to a species, which is actually part of the Allium ericetorum alliance, such as A. ochroleucum.
The good support obtained for most nodes in our analysis entitled us to use our analysis as a basis for our purpose, that is, studying the evolution of nuclear DNA amount and life form.
Evolution of nuclear DNA amount and GC content
With the exception of the nuclear DNA amount of A. cyaneum and A. vavilovii, which were measured for the first time, our cytometric values for nuclear DNA amount are in accordance with those previously obtained (Jones and Rees 1968; Labani and Elkington 1987; Ohri et al. 1998) . In several instances, nuclear DNA values allowed us to confirm groupings between species suggested by classifications and molecular phylogenies. For example, this study and the phylogeny based on molecular markers (AFLP) in 20 species of the subgenus Rhizirideum (Van Raamsdonk et al. 2000; ) show that A. vavilovii and A. altaicum are immediate presumed ancestors of A. cepa and A. fistulosum, respectively. Friesen et al. (1999) used RAPDs and noncoding chloroplast DNA to reveal only a sister group relationship, but could not Hanelt et al. (1992) follows species names.
proof the progenitor. The comparison of 2C DNA values shows that there are no significant differences between these crops and their presumed wild relatives. Similarly, 2C DNA values support the close relationship between Allium roylei (sect. Oreiprason) and A. cepa (sect. Cepa) suggested by crossing experiments (Van Raamsdonk et al. 1992 ), molecular cytogenetics studies (Pich et al. 1996) , and the phylogeny presented here. Tetraploid species examined in this study were found to have significantly smaller genome sizes than diploid species. Verma and Rees (1974) explained the diminution of nuclear DNA in polyploid genomes on the basis of higher chromatin condensation in polyploids than in diploids. The mean DNA amount per genome (genome size) tended to decrease with increasing ploidy level in monocots, eudicots, and individual families (e.g., Poaceae and Fabaceae) (Bennett et al. 2000) . Transposable elements, genes, and other sequences are gradually rearranged and removed by illegitimate recombination, unequal crossing over, and, possibly, other mechanisms in polyploid species (Devos et al. 2002) . Although previous studies had shown no clear discontinuities in base composition of nuclear DNA among taxonomic groups in Allium (Kirk et al. 1970) , the reconstruction of 1C DNA amount (genome size) evolution onto the phylogeny (Fig. 2) brings evidence that this character has evolved towards a reduction of the genome size within Amerallium species examined, with reconstructed ancestral values ranging from 21.7 pg at the base of the tree to 6.1 pg in one of the most derived groups of the phylogeny (including A. altyncolicum, A. ledebourianum, A. saxatile, and A. schoenoprasum) . Thus, our investigation of GC content, completed for 24 species, in relation to their genome size (1C DNA), and phylogenetic position shows no correlation between genome size and GC content without either loss or gain of GC bases. Our results support previous data on 54 species including 3 Allium species, which were investigated in our study (Barrow and Meister 2001) , and 8 other Allium species (Kirk et al. 1970) .
The highest genome size values are found in the monophyletic subgenus Amerallium at the base of the genus Allium, with values ranging from 18.1 pg in A. triquetrum to 31.5 pg in A. ursinum and a reconstructed ancestral value of 17.9 pg. Values then decrease across the phylogeny. The smallest values are found in the section Schoenoprasum, with a reconstructed ancestral value of 6.1 pg. In terms of ecology, this group is hygrophytic, inhabiting moist and marshy places (Pistrick 1992) ; and the wild species classified in this section are geographically restricted. The 2 wild species from the section Schoenoprasum included in our study are endemic to western Siberia for A. altyncolicum and to western, central southern Altay for A. ledebourianum (Friesen 2001) . Thus, reduction in genome size in these species has occurred along with ecological specialization and restricted geographic distribution. The exception is the cultivated A. schoenoprasum (chive), which is the most widespread species in the genus, with distribution up to the arctic belt (Hanelt et al. 1992) . Allium schoenoprasum has a small genome size in agreement with the results obtained for the other species of the section.
Evolution of life form
It has been suggested that bulbous forms have evolved as an adaptation to dry summer periods, leading to 1-shoot forms of plants with shortened vegetative periods (Cheremushkina 1992; Kruse 1992) . Indeed, most bulbous species of Allium grow in arid areas. All species other than A. cernuum that represent the subgenus Amerallium in the phylogeny produce true bulbs. Allium moly, A. paradoxum, A. triquetrum, and A. ursinum are distributed in Europe and parts of Asia. Allium drummondii occurs mainly in dry conditions in mountains of western North America (Hanelt et al. 1992) . The subgenus Allium occurs throughout Eurasia and is ecologically restricted to dry, open habitats with sparse vegetation (Hanelt et al. 1992) . Species from this subgenus produce true bulbs. They possess the growth form and rhythm as well as the morphological and anatomical traits that provide adaptability to arid conditions (Hanelt et al. 1992; Kamenetsky 1992; Kruse 1992; Pistrick 1992) . The reconstruction of life form in 30 species representing the 3 major subgenera Allium, Amerallium, and Rhizirideum and 14 sections, using the ITS-based phylogeny (Fig. 2) shows that the presence of rhizomes is a derived condition in the genus, as suggested by several molecular studies Mes et al. 1997; Fritsch and Friesen 2002) . Bulb as storage organ is, therefore, ancestral within the genus, although former hypotheses considered rhizomes as an indication of primitive or ancestral origin, irrespective of the existing morphological diversity (Cheremushkina 1992) . We interpret the absence of rhizomes in A. ochroleucum and in the cultivated A. cepa as 2 independent reversions towards the ancestral condition.
It has been hypothesized that temperate angiosperm species beginning their growth in early spring do so by sudden expansion of cells formed during the previous summer and have large genomes (2C DNA), whereas those growing later in the year do so by quick cell divisions and have small genomes (Grime and Mowforth 1982; Grime 1983) . The comparison of genome size evolution and life form evolution (Fig. 2) shows that the appearance of rhizomes goes along with a reduction in 1C DNA values. However, the fact that all rhizomatous species in our sampling share a common ancestor prevents us from trying to correlate both characters. As bulbous species in Allium generally begin their growth in early spring, they are expected to have a large genome size.
In spite of the relatively small number of species included in the phylogenetic reconstruction, the sampling was sufficient to reveal tendencies in the evolution of the characters studied in edible Allium species and their wild relatives. The reconstruction of genome size evolution showed that genome size varies among the different subgroups of the genus and indicated a tendency towards a decrease in genome size within the genus. Although our data revealed significant interspecific variation in the GC content, no evolutionary pattern was found for this character. The reconstruction of life form evolution confirmed that rhizomatous species are derived within the genus. The absence of rhizomes in A. ochroleucum and in the cultivated A. cepa are 2 independent reversions towards the ancestral bulbous condition. This study shows that variation in genome size has evolutionary implications.
